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ABSTRACT 
 
Xinxin Li, Investigation of the Influences of Anthropogenic Emissions on Isoprene-derived 
Secondary Organic Aerosol (SOA) Formation During the 2013 Southern Oxidant & Aerosol 
Study (SOAS) at the Look Rock, TN, Ground Site 
 
(Under the direction of Jason Surratt) 
 
Isoprene is the most abundant non-methane hydrocarbon emitted into Earth’s atmosphere and is 
derived from deciduous trees. Its atmospheric oxidation in the presence of anthropogenic 
pollution is now recognized as a substantial source of secondary organic aerosol (SOA); however, 
it remains unclear how isoprene-derived SOA forms under atmospheric conditions. In this study, 
fine aerosol samples were collected from June 1–July 17 at Look Rock, TN, during the 2013 
Southeast Oxidant & Aerosol Study (SOAS). Isoprene-derived SOA tracers were characterized 
and quantified using GC/EI-MS and UPLC/ESI-HR-QTOFMS. Isoprene epoxydiols (IEPOX), 
oxidation products from isoprene under low-nitric oxide conditions, were the dominant source of 
SOA. On average, known isoprene-derived SOA tracers accounted for 9.4% of total organic 
aerosol (OA) mass (upwards of 25%) and positive matrix factorization of real-time OA mass 
spectral data corroborated this finding. Weak association (R2=0.3) between sulfate and isoprene-
derived SOA was observed at the site; however, IEPOX and sulfate likely synergistically 
interacted upwind to form SOA. 
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1. Introduction 
Atmospheric aerosol is suspension of liquid or solid particles in air. Aerosol can scatter 
and/or absorb solar and terrestrial radiation, influence cloud formation and participate in 
heterogeneous chemical reactions in the atmosphere. As a result, aerosol can markedly affect 
regional and global radiative balances and play an important role in the Earth’s climate1. In 
addition to its potential climatic impacts, atmospheric aerosol can have adverse impacts on 
human health. Prior studies have demonstrated that exposures to atmospheric fine particulate 
matter (PM2.5, aerosol with aerodynamic diameters ≤ 2.5 µm) are associated with pre-mature 
death and higher incidents of respiratory and cardiovascular diseases.2–4 However, there are 
significant uncertainties in the impact of atmospheric aerosol on climate and human health 
because of a lack of knowledge in their sources, composition, properties and mechanism of 
formation.5 
Organic matter (OM) makes up a large fraction of atmospheric PM2.5. OM can be from 
primary or secondary sources. Primary organic aerosol (POA) is directly emitted from sources 
(e.g., biomass burning and combustion of fossil fuels) and secondary organic aerosol (SOA) is 
formed in the atmosphere by gas-to-particle conversion processes such as nucleation, 
condensation and heterogeneous and multiphase chemical reactions. SOA contributions to OM 
vary with season and location but are typically substantial (upwards of 90% have been 
observed).6 However, there is considerable uncertainty over the SOA budget (composition and 
concentration) because of the complexity of atmospheric chemical reactions. It is estimated that 
over 1,000,000 different organic compounds can exist in the atmosphere according to their 
boiling points.7 Primarily emitted organic compounds typically have high vapor pressures, and 
thus are called volatile organic compounds (VOCs). The vapor pressures decrease when VOCs 
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are oxidized and their resultant oxidized products can partition into the aerosol phase.  Each 
VOC can undergo a number of atmospheric degradation processes to produce a range of oxidized 
products, which may or may not contribute to SOA formation and growth. Although clear 
progress has been made in recent years in identifying key biogenic and anthropogenic SOA 
precursors, significant gaps still remain in our scientific knowledge on the formation 
mechanisms, composition and properties of SOA. 
Isoprene (2-methyl-1,3-butadiene, C5H8) has the largest yearly emission among all non-
methane VOCs. The primary sources of isoprene are deciduous trees, which are estimated to 
emit ~600 Tg yr-1 of isoprene into Earth’s atmosphere.8 As isoprene has two C=C double bonds, 
it is readily oxidized by hydroxyl radical (OH), ozone (O3) and nitrate radical (NO3) in the 
atmosphere.9 Because most oxidized products from isoprene observed in lab experiments were 
small volatile molecules, it was generally accepted that isoprene does not contribute to 
atmospheric SOA.10 However, one decade ago, Claeys et al.11 tentatively proposed that isoprene 
oxidation products are indeed present in ambient SOA. Claeys et al.11 first detected 2-
methylthreitol and 2-methylerythritol (usually referred to as 2-methyltetrols), which have a 
similar carbon skeleton with isoprene, in ambient fine organic aerosol collected from the 
Amazonian rainforest. This proposal was later corroborated by initial chamber experiments 
irradiating a mixture containing isoprene, nitrogen oxides (NOx = NO + NO2), and SO2 by 
Edney et al.12 Additional polyhydroxylated compounds that have similar carbon skeletons with 
isoprene or mathacrolein (a first-generation oxidation product of isoprene), including the C5-
alkene triols, 2-methylglyceric acid (2-MG) 13,14 and isomeric 3-methyltetrahydrofuran-3,4-diols 
(3-MeTHF-3,4-diols)15 were observed in subsequent field studies. Dimers and organosulfates 
were recently found in field and lab studies, including hemiacetal dimers,16  diesters16–18 and 
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organosulfates in the southeastern U.S.19,20 and Europe.21 These studies indicate isoprene 
oxidation indeed contributes to SOA in the atmosphere.  
Radiocarbon (14C) analysis of atmospheric PM2.5 using accelerator mass spectrometry22 can 
resolve the age, and thus, potential origin of the organic carbon. Carbon origin can be generally 
divided to two groups: fossil-fuel combustion and modern sources. Aerosol derived from modern 
carbon contains material from biological origin. Lewis et al.23 found 56%-80% modern carbon of 
total carbon in PM2.5 samples collected during summer in Nashville, TN, which supported the 
importance of biogenic SOA in the southeastern U.S. during summer. A more recent study found 
that modern carbon accounts 50% of carbon at 2 urban sites and 70%-100% of carbon at 10 near-
urban or remote sites in the U.S.24 Notably, in summer 2001, it was found that the fraction of 
modern carbon varied from 66-80% at the Look Rock, TN site, indicating the likely importance 
of photochemical oxidation of biogenic VOCs.25 
Owing to the high emissions of isoprene, even if the SOA yield is minor (e.g., ~1%),26 the 
overall contribution of isoprene to the global SOA budget could be significant. Thus, 
understanding key processes in isoprene oxidation is important for correct estimation of the 
global SOA budget. Recent studies have made significant strides in elucidating important 
intermediates in isoprene SOA formation, including methacrolein (MACR),16 
methacryloylperoxynitrate (MPAN)27 and methacrylic acid epoxide (MAE).28 Surratt et al.16 
examined isoprene SOA composition over a wide range of NOx levels with different seed aerosol 
compositions and identified MACR as an important first-generation oxidation product that could 
yield SOA formation under high-NOx conditions. In subsequent chamber studies where MACR 
was oxidized by OH in the presence of high-NOx concentrations, SOA yields were largest (5.9%) 
with higher NO2/NO ratios, indicating that MPAN formation and subsequent oxidation was key 
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to SOA formation.27 Lin et al.28 conducted chamber experiments and computational analysis 
suggesting that the OH adduct of MPAN undergoes intramolecular rearrangement to MAE 
followed by reactive uptake onto acidified sulfate aerosol. IEPOX was proposed27 as key 
intermediate in isoprene photo-oxidation under low-NO conditions, which was confirmed with 
authentic standards in a subsequent study.15 The current view of the isoprene SOA formation 
mechanism is illustrated in Figure 1. 
Figure 1  Isoprene photo-oxidation under high-NOx (upper pathway) and low-NOx (lower 
pathway) conditions. 15,16,19,27–29 
 
The influence of aerosol acidity and relative humidity (RH) in isoprene oxidation was 
also examined through a series of well-controlled chamber experiments. In both high- and low-
NO pathways, aerosol formation was enhanced in the presence of acidified seeds.20,27 SOA 
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formation was found to be enhanced in low RH conditions under the high-NO pathway.30 In 
contrast, 2-methyltetrols, which are known to be major SOA constituents formed under the low-
NO pathway, did not vary under different RH conditions.30  
A challenge that lab studies typically encounter is mimicking exact atmospheric 
conditions. This means setting chemical reactions at a large spatial scale (minimal wall loss), at 
longer times (allows for aerosol aging), at mass concentration levels comparable to ambient 
conditions (reactions would be slower compared to lab studies), at various environmental 
conditions (including RH, temperature, and solar radiation) and at high complexity (complex 
pre-existing aerosol seeds, various NOx levels and competing VOCs), which is usually hard to 
achieve in lab experiments. On the other hand, field studies can provide the “exact” reaction 
environment. However, in order to get more information at different ambient conditions, field 
campaigns with longer sampling periods, higher time resolution and complimentary 
characterization methods for gas and particle-phase constituents are highly desired.  
Since the first field and lab evidence showing oxidation of isoprene contributes to 
ambient organic aerosol was published,11,12,16,26,31 subsequent field studies were carried out to 
investigate isoprene photochemistry in ambient environment. These studies found that 2-
methyltetrols exhibit strong diurnal and seasonal trends similar to those of isoprene emissions,32 
strongly suggesting these tracers are formed from isoprene oxidation. Despite several lab studies 
demonstrating acid-catalyzed enhancement of SOA formation from isoprene20 and other biogenic 
VOCs,33–35 the importance of ambient aerosol acidity remains unclear. Lin et al.36 observed a 
statistically significant enhancement of IEPOX-derived SOA under high SO2-sampling scenario, 
but no strong correlations of IEPOX-derived SOA with either aerosol acidity or NH3 were found. 
No correlations were observed between isoprene SOA tracers and aerosol pH or liquid water 
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content (LWC) calculated using the Extended Aerosol Inorganic Model (E-AIM II)37 in filter 
samples collected from Yorkville, GA36 or Sacramento, CA, and Carson City, NV.38 
Budisulistiorini et al.39 recently observed weak correlations (r2=0.3) between aerosol acidity 
(measured as nmol H+ m-3 of air) with an IEPOX-OA factor resolved from positive matrix 
factorization (PMF) of real-time organic aerosol mass spectral data obtained from an Aerodyne 
aerosol chemical speciation monitor (ACSM) deployed in Atlanta, GA. This contrast between 
lab and field observations may occur for several reasons: 1) ambient aerosol are formed upwind 
from a particular sampling site, thus no strong correlations may not exist between SOA mass and 
local aerosol acidity; 2) ambient aerosol acidity is limited in certain range while chamber 
experiments can test and compare SOA yields with a large range of aerosol acidity; 3) it is 
challenging to characterize aerosol acidity directly and 4) several key inter-related variables (e.g. 
LWC, aerosol surface area and aerosol acidity) control SOA yield, and thus, the correlation of 
aerosol acidity and SOA yield is hard to be deconvoluted from complex field data.  
A number of recent studies have utilized highly time-resolved online measurements to 
characterize PM, including a particle-into-liquid sampler interfaced to a total water-soluble 
organic carbon measurement (PILS-WSOC)40, an Aerodyne aerosol mass spectrometer (AMS)41 
and an ACSM.42 These techniques allow correlation with time-series of other atmospheric 
measurements and lower uncertainty in identification and quantification of SOA components in 
fine aerosol. Using PMF, Budisulistiorini et al.39 were able to resolve an IEPOX-OA factor from 
ACSM data that has similar MS spectrum as IEPOX-derived SOA in generated from smog 
chambers during summer in Atlanta. The new factor had a better correlation with IEPOX-derived 
SOA tracers (r2=0.59) than with MAE-derived SOA tracers (r2<0.3).  
Global modeling of SOA suggests that isoprene SOA could be substantial, with annual 
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production rates ranging from 14-19 Tg yr-1, which corresponds to 27%-78% of total SOA.43–45 
Predicted isoprene SOA concentrations are sensitive to assigned, laboratory-derived 
stoichiometric formation yields (alphas) and partitioning coefficient (Ks). Carlton et al.6 tested 
this sensitivity using pooled laboratory parameters with regional-scale model simulations 
(CMAQ, v4.7) under high- and low-NOx conditions. The difference in predictions using high- 
and low-NOx conditions varied up to 30% of the total predicted organic carbon, with the highest 
difference in the southeastern U.S. Pye et al.46 updated the Community Multiscale Air quality 
(CMAQ) model and added 2-methyltetrols and 2-methylglyceric acid as two key isoprene-
derived species. The new mechanism represents a significant source of organic carbon in the 
lower 2 km of the atmosphere and a significant reduction in isoprene-derived aerosol was found 
in response to a 25% reduction in SOx.  
The study presented here is part of the 2013 Southeast Oxidant & Aerosol Study (SOAS). 
We investigated the chemical composition of PM2.5 collected onto filters from June 1-July 17, 
2013, at the Look Rock, TN ground site. The objective of the present study was to characterize 
and quantify known chemical tracers associated with isoprene SOA formation in PM2.5 as well 
as examine their temporal variation with meteorology and collocated measurements (e.g., NOx, 
SO2, O3, CO, sulfate, and aerosol acidity). By addressing this objective we hoped to gain further 
insights into how anthropogenic pollution affects isoprene SOA formation in the southeastern 
U.S. Results from this work will likely have implications for improving model parameterizations 
needed in order to bring model predictions closer to ambient observations of SOA in the 
southeastern U.S. region.47,48 
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2. Experimental Techniques 
2.1 High-volume PM2.5 Filter Sampling 
PM2.5 samples were collected at the Look Rock, TN, from June 1-July 17, 2013. Look Rock 
was one of three ground sites during the SOAS campaign.49 The detailed site description is 
provided elsewhere.50,51 In the present work, all quartz filters (Pallflex® Tissquartz™ Filters, 
Pall Life Sciences, 8 x 10 in.) were prebaked before use. Oven temperature was ramped up to 
550 °C for 3.5 h, maintained at 550 °C for 18 h and cooled off to 25 °C in 12 h. PM2.5 samples 
were collected using high-volume PM2.5 air sampler (High Vol+ Model, Tisch Environmental, 
Cleves, OH) operated at ambient mode (sampling flow was adjusted to ambient temperature and 
pressure). The sampling schedule utilized for this field study is summarized in Table 1. Our 
normal (regular) filter sampling schedule involved the collection of two filter samples per day; 
however, on days when the National Center for Atmospheric Research (NCAR) chemical 
forecasts indicated high isoprene and anthropogenic emissions, an intensive filter sampling 
schedule was utilized in order to collect 4 samples. The purpose of the intensive filter-sampling 
schedule was to try and better capture the formation and evolution of isoprene SOA formation 
due to the co-presence of anthropogenic pollutants. A total of 129 filter samples (i.e., sum of 59 
regular, 64 intensive, and 6 field blank samples) were collected during the SOAS campaign at 
Look Rock. All filter samples were stored at -20 °C under dark conditions until the time of filter 
extractions and chemical analyses.  
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Table 1 Sampling Schedule during SOAS at Look Rock ground site 
No. of 
samples/day 
Sampling schedule Dates 
2 (regular) 8am-7pm,  
8pm-7am next day 
Jun 1 - Jun 9, 
Jun 13,  
Jun 17 – Jun 28,  
Jul 1*,  
Jul 2- Jul 9  
4 (intensive) 8am-12pm,  
1pm-3pm,  
4pm-7pm,  
8pm-7am next day 
Jun 10 - Jun 12,  
Jun 14- Jun 16,  
Jun 29 - Jun 30,  
Jul 9 - Jul 16 
* Only 1 sample (8pm - 7am next day) was taken due to power outage  
 
2.2. Gas Chromatography/Mass Spectrometry (GC/MS) Analysis 
Known isoprene-derived SOA tracers, including 2-methyltetrols,11 C5-alkene triols,13 and 
cis- and trans-3-methyltetrahydrofuran-3,4-diols (cis- and trans-3-MeTHF-3,4-diols),15 IEPOX-
derived dimers,16 and 2-MG12 were characterized from PM2.5 samples by GC/MS with prior 
trimethylsilylation using electron ionization (EI). A fraction (i.e., 37 mm diameter punch) of 
each 8 x 10 in. quartz filter was extracted in pre-cleaned scintillation vials with 20 mL of high-
purity methanol (LC-MS CHROMASOLV-grade, Sigma-Aldrich) under 45 min of sonication. 
The filter extracts were filtered through 0.2 μm PTFE syringe filters (Pall Life Science, 
Acrodisc®) to remove suspended quartz filter fibers and insoluble particles (e.g., soot particles), 
and subsequently blown to dryness under a gentle N2 stream at room temperature. Residues of 
the filter extracts were immediately trimethylsilylated by reacting with 100 μL of 
BSTFA+TMCS (99:1 v/v, Supelco) and 50 μL of pyridine (anhydrous, 99.8 %, Sigma-Aldrich) 
at 70 ºC for 1 h. The derivatized samples were analyzed by GC/MS within 24 h after 
trimethylsilylation. GC/MS analysis was performed using a Hewlett-Packard (HP) 5890 Series II 
Gas Chromatograph coupled to a HP 5971A Mass Selective Detector. An EconoCapTM-EC-5 
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Capillary Column (30m x 0.25 mm i.d.; 0.25 μm film thickness) was used to separate the 
trimethylsilyl (TMS) derivatives before MS detection. 1 μL of each derivatized sample was 
injected onto the GC column. Detailed operating conditions (including the temperature program) 
of the GC/MS were described previously.36  
Isoprene-derived SOA tracers were quantified with the following base peak ion fragments: 
m/z 219 for the 2-methyltetrols, m/z 231 for C5-alkene triols, m/z 262 for the isomeric 3-MeTHF-
3,4-diols, m/z 335 for the IEPOX-derived dimers, and m/z 219 for 2-MG. The isomeric 3-
MeTHF-3,4-diols and 2-MG were quantified using synthesized authentic standards. The details 
of the synthesis procedures for the isomeric 3-MeTHF-3,4-diol standards are reported 
previously.52 2-MG was synthesized in high purity (> 99%) following An et al.53 2-
methylthreitol and 2-methylerythritol were quantified using a synthesized 1:1 mixture standard 
as a reference. The 1:1 mixture of the 2-methyltetrols was obtained by hydrolysis of IEPOX-2, 
the most easily synthesized IEPOX isomer described by Zhang et al.52 C5-alkene triols and 
IEPOX-derived dimers were quantified using average response factor of the 2-methyltetrols 
standard.  
The efficiency of the extraction protocols was evaluated by spiking 4 replicates of pre-baked 
blank quartz filters with quantifying standards. Extraction efficiencies were taken into account 
for SOA constituents that were quantified in the field samples.  
2.3. Ultra Performance Liquid Chromatography/Negative Electrospray Ionization High-
Resolution Quadrupole Time-of-Flight Mass Spectrometry (UPLC/(–)ESI-HR-Q-TOFMS) 
Analysis 
Characterization of organosulfate derivatives was performed using ultra performance liquid 
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chromatography interfaced to a high-resolution quadrupole time-of-flight mass spectrometer 
(Agilent 6500 Series) equipped with an electrospray ionization source (UPLC/ESI-HR-Q-
TOFMS) operated in the negative (–) ion mode. A Waters ACQUITY UPLC HSS T3 column 
(2.1 x 100 mm, 1.8 μm particle size) was used for chromatographic separations. Detailed 
UPLC/(–)ESI-HR-Q-TOFMS operating conditions can be found in Zhang et al.30 Quartz filter 
samples for UPLC/(–)ESI-HR-Q-TOFMS analyses were extracted in the same manner as those 
for GC/MS analyses; however, after the filter extracts were blown dry, the extract residues were 
reconstituted with 150 μL of a 50 : 50 (v/v) solvent mixture of methanol containing 0.1% acetic 
acid (LC-MS CHROMASOLV-Grade, Sigma-Aldrich) and water containing 0.1 % acetic acid 
(LC-MS CHROMASOLV-Grade, Sigma-Aldrich). 5 μL of each sample was injected onto the 
UPLC column eluted with solvent of the same composition. Isoprene-derived organosulfate 
species reported previously by Lin et al.28 were identified and quantified; specifically, the 
IEPOX-derived organosulfates (detected as the [M–H]- ion at m/z 215), the IEPOX-derived 
dimer organosulfates (detected as the [M–H]- ion at m/z 333), and the MAE-derived 
organosulfates (detected as the [M–H]- ion at m/z 199). The elemental compositions of target 
compounds were assigned based on accurate mass data. The errors of accurate mass fittings were 
within ±1 mDa. Owing to the lack of authentic standards, sodium propyl sulfate (electronic grade, 
City Chemical LLC) was used to quantify all isoprene-derived organosulfates. The use of sodium 
propyl sulfate to quantify isoprene-derived organosulfates was performed under the assumption 
of similar ionization efficiency since the retention time (and thus the mobile phase composition) 
of this surrogate standard is similar to our target analytes. The quantification was done based on 
the mass response. The detection limit of sodium propyl sulfate on UPLC/(–)ESI-HR-TOFMS 
was 0.01 ng μL-1, determined by signal-to-noise ratios of 3:1. 
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2.4 Aerodyne Aerosol Chemical Speciation Monitor (ACSM) Sampling and Analysis 
The ACSM was installed in an air-conditioned trailer and operated continuously. Aerosol 
was drawn through a 5 m × 0.635 cm outer diameter and 0.46 cm inner diameter stainless steel 
tube from a PM2.5 cyclone mounted on scaffolding ~6 m above ground level adjacent to the 
trailer. An ACSM sampling flow rate of 3 L min-1 resulted in a residence time of < 2 s for PM2.5 
in the sampling line, and the aerodynamic lens mounted on the ACSM inlet allowed continuous 
sampling of PM1 only. Particle-laden air was dried using a 50-tube Nafion dryer (Perma Pure 
PD-50T-24SS), in which a dry/zero air system delivered 7 L min-1 of sheath air to keep the 
sample air relative humidity (RH) well below 10% and to prevent condensation within the 
sampling line that could affect the collection efficiency (CE) of aerosol and clog the ACSM 
sampling inlet. 
The ACSM operating principles, calibration procedures, and analysis protocols are described 
in detail elsewhere42. In this study, the ACSM scanning rate was set at 500 ms amu-1 for both the 
sample and filter modes, and the resulting data were averaged over 30 min intervals. All data 
were acquired using ACSM_DAQ_v1407 and analyzed using ACSM_Local_v1520 (ARI) 
within Igor Pro 6.22A (WaveMetrics). Calibration was conducted at the beginning, in the middle 
and at the end of the campaign. Sampling flow rate, ammonium nitrate (NH4NO3) response 
factor ((RF)/ ionization efficiency (IE)), and mass-to-charge (m/z) ratio were calibrated at the 
beginning of the campaign. In addition, calibrations were done using ammonium sulfate 
((NH4)2SO4) aerosol in order to derive the relative ionization efficiency (RIE) for sulfate. 
Similarly, mass resolution, ionizer, and amplifier zero settings were tuned initially and 
periodically. Mass calculation of aerosol constituents is described in detail elsewhere42. A CE 
value of 0.5 for all species was used based on evaluation of composition dependent CE in 
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reported previously39. Some periods were excluded from the analysis because of maintenance 
and operational problems. ASCM data was analyzed by PMF with details reported previously.39 
ACSM data were averaged to each filter sampling time for inter-comparison purposes. 
2.5 Collocated Measurements 
Instruments collocated at the Look Rock site measured concentrations of carbon monoxide 
(CO), ozone (O3), nitrogen oxides (NOx = NO + NO2), reactive nitrogen compounds (NOy), 
sulfur dioxide (SO2), and PM2.5 mass. In addition, sulfate (SO42-), nitrate (NO3-), ammonium 
(NH4+), OC, and elemental carbon (EC) were measured. In addition, meteorological parameters 
such as temperature, RH, wind speed and direction, precipitation, and solar radiation were 
recorded. A detailed description of these measurements and their respective instrumentation have 
been described in detail previously.45,46 Collocated measurements were averaged to each filter 
sampling time for analysis and interpretation of sources and processes leading to isoprene SOA. 
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3. Results 
3.1. GC/MS Calibration 
 
Calibration of GC/MS was conducted within 24 h before each batch of samples was analyzed. 
1.5, 15 and 150 ppm stock solutions of trans-3-MeTHF-3,4-diol, cis-3-MeTHF-3,4-diol, 2-MG 
and 1:1 diastereomers mixture of 2-methylthreitol and 2-methylerythritol were prepared and used 
throughout the project. The GC/MS was calibrated from 0.25 to 100 ppm each time Look Rock 
samples were analyzed. A protocol for GC calibration was written separately and stored at 
SurrattLab Google Drive -> Protocols and Manuals -> Protocol for GC calibration by XinxinLi. 
Isomeric 3-MeTHF-3,4-diols were quantified based on the fragment ion at m/z 262; 2-MG 
and 2-methyltetrols were quantified based on the fragment ion at m/z 219. The total ion 
chromatogram (TIC) and extracted ion chromatograms (EICs) of m/z 219 and 262 of a 25 ppm 
standard mixture are shown in Figure 2 and Figure 3, respectively. Mass spectra of each standard 
compound are shown in Figure 4.  Quantification of C5-alkene triols were based on m/z 231 and 
2-methyltetrols were used as surrogate standards (average response factor of methylthreitol and 
methylerythritol at m/z 219 was used).  
Detection limits for trans-3-MeTHF-3,4-diol, cis-3-MeTHF-3,4-diol, 2-MG, 2-methylthreitol 
and 2-methylerythritol were 0.25-1 ppm, 0.5-5 ppm, 0.25-1 ppm, 0.25-0.5 ppm and 0.25-0.5 ppm, 
respectively. These detections limits were determined by the lowest detected concentrations and 
varied during the course of this study. As shown in Figure 5, response of these five standards 
were linear up to 100 ppm with R2 values larger than 0.99. 
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Figure 2 GC/MS total ion chromatogram (TIC) of a 25 ppm standard mixture (File: 
11161308.D).  Chromatographic peak identifications:  retention time (RT) 20.48 min =  trans-3-
MeTHF-3,4-diol; RT 21.06 min =  cis-3-MeTHF-3,4-diol; RT 23.38 min = 2-methylglyceric 
acid; RT 32.87 min = 2-methylthreitol; and RT 33.67 min = 2-methylerythritol.    
 
Figure 3 GC/MS extracted ion chromatograms (EICs) of a 25 ppm standard mixture. (A) EIC of 
m/z 262 for trans-3-MeTHF-3,4-diol (RT = 20.48 min) and cis-3-MeTHF-3,4-diol (RT = 21.07 
min), (B) EIC of m/z 219 for the 2-MG (RT = 23.38 min), 2-methylthreitol (RT = 32.88 min) and 
2-methylerythritol (RT = 33.67 min) standards (File:11161308.D). 
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Figure 4 Mass spectra of (A) trans-3-MeTHF-3,4-diol, (B) cis-3-MeTHF-3,4-diol, (C) 2-MG (D) 
2-methylthreitol and (E) 2-methylerythritol (File:11161308.D). 
 
3.2 Recovery Tests  
4 replicates of 37 mm diameter round pre-baked blank quartz filters (lab blanks) were spiked 
with 100 µL of each 150 ppm stock standard (final concentration was 100 ppm). Spiked blank 
filters were extracted and prepared the exact same way as field samples. The GC/MS TICs of a 
spiked blank filter and a 100-ppm standard are shown in Figure 6a and 6b, respectively. 
As shown in Figure 7, 2-methyltetrols have recoveries close to 1 (104%±11% for 
methylthreitol and 101%±11% for methylerythritol). 2-methylglyceric acid has a moderate 
recovery of 84%±9%. Since the isomeric 3-MeTHF-3,4-diols have lower boiling points 
compared to 2-methylglyceric acid and the 2-methyltetrols, they can be lost during the filter 
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extraction process (such as during the drying step). As a result, recoveries of the isomeric 3-
MeTHF-3,4-diols were lower (i.e., 63% for trans isomer and 84% for cis isomer) and their 
standard deviations are much higher (i.e., 22% for trans isomer and 59% for cis isomer). For C5-
alkene triols, since no commercial or authentic standards existed at the time this study was 
conducted, recoveries of 1 were applied for all three isomers owing to the fact that the 2-
methyltetrol standards were used for their quantification. 
 
 
Figure 5 Calibration curves of (A) trans-3-MeTHF-3,4-diol, (B) cis-3-MeTHF-3,4-diol, (C) 2-
MG (D) 2-methylthreitol and (E) 2-methylerythritol. Coefficient values shown in the notation are 
for fitting function y=a+bx (File:11151302.D-11151310.D). 
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Figure 6 GC/MS TIC of a (A) spiked blank filter and (B) 100-ppm standard (File: 01271404.D 
and 01271402.D, respectively). 
 
 
Figure 7 Recovery of five standards (File: 01271401.D-01271408.D). 
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3.3 Field, Lab, and Reagent Blanks 
 
Field blanks were collected every week during the campaign. Figure 8 shows a TIC of a 
reagent blank (100 µL BSTFA + 50 µL pyridine used for derivatization of Look Rock PM2.5 
samples) and a selected field blank, respectively.  Notably, none of the isoprene-derived SOA 
tracers chemically characterized in this study were observed on these blanks.  Furthermore, we 
also analyzed lab filter blanks (i.e., pre-baked quartz filters from the lab), and none of the 
isoprene-derived SOA tracers detected and quantified from PM2.5 samples collected from Look 
Rock were observed.  As a result, we can conclude that all of the isoprene-derived SOA tracers 
detected and quantified from Look Rock were due to atmospheric chemistry of isoprene and not 
due to lab or field contamination.   
 
 
Figure 8 GC/MS TIC of (A) reagent blank and (B) field blank (File: 11281301.D and 
11281326.D, respectively). 
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3.4 SOAS PM2.5 Samples Collected from Look Rock 
Figure 9 shows a TIC of a 3-h field sample collected on an intensive sampling day (June 12, 
12-3 pm, 2013), one of the days that isoprene-derived tracers had the highest concentrations. 
Most of the chromatographic peaks can be identified as known isoprene-derived SOA tracers 
with authentic standards and/or known mass spectra that are identical to previous studies. Figure 
10 shows EICs of four major groups of tracers and Figure 11 shows the mass spectra of all 
identified chromatographic peaks. All these mass spectra are similar to previous studies.36  
 
 
Figure 9 GC/MS TIC of sample from sampler # 2 (S2) collected on Jun 12, 2013. 
Chromagraphic peak identification:  1, trans-3-MeTHF-3,4-diol; 2, 2-MG; 3, (Z)-2-methylbut-3-
ene-1,2,3-triol; 4, 2-methylbut-3-ene-1,2,3-triol; 5, (E)-2-methylbut-3-ene-1,2,3-triol; 6, 2-
methylthreitol; and 7, 2-methylerythritol.  Cis-3-MeTHF-3,4-diol and IEPOX-derived dimers 
were not indicated on this plot because their concentrations were too low. Peaks marked with * 
were also present in field blanks. (File: 11161323.D) 
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Figure 10 GC/MS EIC of sample from sampler # 2 (S2) collected on Jun 12, 2013. (A) shows 
EIC of m/z 262 for cis-3-MeTHF-3,4-diol (RT = 20.52, 21.10 min); (B) shows EIC of m/z 231 
for the C5- alkene triols (RTs = 25.58, 26.59, and 28.95 min); (C) shows an EIC of m/z 219 for 
2-methylglyceric acid (RT = 23.43 min) and 2-methyltetrols (RTs = 32.91 and 33.71 min); (D) 
shows an EIC of m/z 335 for the IEPOX-derived dimers (RTs = 53.81 min) (File: 11161323.D). 
 
Notably, mass spectra shown Figure 11 for the three C5-alkene triols isomers gave very 
different responses at the m/z 231 fragment ion. We know that the m/z 73 ion is from (CH3)3Si 
fragment. Since C5-alkene triols have similar structures and same numbers of hydroxyl groups, it 
is likely that their TMS-derivatives will have similar responses at m/z 73. With that said, 2-
methylbut-3-ene-1,2,3-triol (Figure 11, C2) has a lower m/z 231 ion signal compared to its m/z 
73 ion, and thus, it might be underestimated if it is quantified based on m/z 231. This suggests 
that the total mass of IEPOX-derived tracers could even be higher if C5-alkene triols were 
31  
quantified properly. Authentic standards of these C5-alkene triol isomers are needed to confirm this hypothesis.  
 
 
Figure 11 Mass spectra of a sample from S2 collected on Jun 12, 2013. (A1) trans-3-MeTHF-
3,4-diol, (A2) cis-3-MeTHF-3,4-diol, (B) 2-MG (C1) (Z)-2-methylbut-3-ene-1,2,3-triol, (C2) 2-
methylbut-3-ene-1,2,3-triol, (C3) (E)-2-methylbut-3-ene-1,2,3-triol, (D1) 2-methylthreitol, (D2) 
2-methylerythritol and (E) IEPOX-derived dimers (File: 11161323.D). 
 
EICs from the same field sample (June 12, 12-3 pm, 2013) are also compared to EICs from 
filters collected in IEPOX reactive uptake experiments (Figure 12). It is interesting to see that 
different isomers of IEPOX yield different ratios of tracer isomers. For example, reactive uptake 
of cis-β-IEPOX only generates trans-3-MeTHF-3,4-diol (Figure 12, A1) whereas the reactive 
uptake of trans-β-IEPOX only generates cis-3-MeTHF-3,4-diol (Figure 12, A3). Field samples 
collected from Look Rock have mixtures of different isomers that derive from different isomers 
of IEPOX. For each group of tracers, there is a dominating isomer present in our samples (e.g., 
concentration of trans-3-MeTHF-3,4-diol is always higher than cis-3-MeTHF-3,4-diol in 
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samples) suggesting the predominance of a particular IEPOX isomer among all four possible 
isomers.  
Figure 12 GC/MS EICs of TMS-derivatized particle-phase reaction products from reactive 
uptake of cis-β-IEPOX(A1-D1),   δ-IEPOX (A2-D2) and trans-β-IEPOX(A3-D3) experiments in 
the presence of acidified sulfate seed aerosol, and from Look Rock PM2.5 samples (A4-D4). 
Specifically, (A) shows an EIC of m/z 262 for the isomeric 3-MeTHF-3,4-diols, (B) shows an 
EIC of m/z 231 for the C5-alkene triols, (C) shows an EIC of m/z 219 for the 2-methyltetrols, 
and (D) shows and EIC of m/z 335 for the IEPOX-derived dimers (File: 11161323.D).
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4. Discussion 
4.1 Isoprene-derived SOA 
2-methylglyceric acid, 2-methyltetrols, C5-alkene triols and IEPOX-derived organosulfates 
were detected in most of the samples (Table 2 and Table 3). Among all detected tracers, 2-
methylerythritol and 2-methylbut-3-ene-1,2,3-triol were the most abundant species, contributing 
30.56% and 25.00% of total detected mass, respectively. 2-MG had lower concentrations, 
ranging from 0 to 36.7 ng m-3 but were detected in most samples and contributed on average 
about 2% of detected mass. Concentrations of the isomeric 3-MeTHF-3,4-diols were lower (up 
to 18.8 ng m-3) and the IEPOX-derived dimers were often at around or below detection limits 
thus not quantified. In sum, IEPOX-derived tracers contributed 97.2% and MAE-derived tracers 
contributed 2.8 % of total detected mass. This observation is consistent with previous field study 
in Atlanta, GA, where summed IEPOX-derived SOA tracers comprise 97.5% of isoprene derived 
SOA mass36. The time series of the GC/MS (upper panel) and LC/MS (lower panel) tracers are 
plotted in Figure 13. Mean, median and maximum concentrations and detection rates (i.e., # of 
samples detected these compounds) of GC/MS tracers were summarized in Table 2. and LC/MS 
tracers in Table 3. It should be noted here that the LC/MS tracers that were analyzed here were 
only the organosulfate species from isoprene oxidation chemistry.  
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Figure 13 Time series of GC/MS-detected isoprene tracers (upper bar plot) and LC/MS-detected 
isoprene tracers (lower bar plot) compared to ACSM total organic (green line) at Look Rock 
during SOAS (Jun 1st – July 17th, 2013) 
 
Table 2 Summary of GC Tracer Concentrations  
Tracer 
Retention 
Time 
(min) 
# of 
Samples 
Detected* 
Concentration (ng m-3) Average 
percentage among 
detected tracers Maximum Median Mean 
trans-3-MeTHF-3,4-diol 20.5 55 18.8 1.35 2.7 0.31% 
cis-3-MeTHF-3,4-diol 21.1 29 5.7 1.2 1.7 0.10% 
2-methylglyceric acid 23.4 119 36.7 5.7 7.5 1.86% 
2-methylthreitol 32.9 122 329.8 29.8 42.4 10.73% 
2-methylerythritol 33.7 122 1269.7 80.5 120.7 30.56% 
(Z)-2-methylbut-3-ene-1,2,4-triol 25.6 121 260.0 16.8 29.1 7.31% 
2-methylbut-3-ene-1,2,3-triol 26.6 118 162.5 10.3 16.5 4.03% 
(E)-2-methylbut-3-ene-1,2,4-triol 26.9 122 1127.0 48.5 98.8 25.00% 
*total samples: 124    
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Table 3 Summary of LC Tracer Concentrations  
Tracer Molecular ion (m/z) 
# of 
Samples 
Detected* 
Concentration (ng m-3) Average 
percentage among 
detected tracers Maximum Median Mean 
IEPOX-derived organosulfate 215 122 435.4 50.5 66.5 16.84% 
IEPOX-derived dimer organosulfate 333 70 157.6 4.1 17.1 2.49% 
MAE-derived organosulfate 199 100 28.0 2.6 3.7 0.77% 
*total samples: 124       
 
Total mass of tracers detected by GC/MS and that detected by LC/MS vary with the ACSM 
total organic mass quite well. Positive correlations of ACSM total organic mass with summed 
GC/MS-detected tracers and with summed LC/MS-detected tracers were observed, with R2 
values of 0.56 and 0.64, respectively (Figure 14 left and right panel, respectively). Notably, 
during the first two intensive sampling periods, the IEPOX-derived SOA tracers shown in Table 
2 accounted for upwards of 25% of the total ACSM organic aerosol mass when the isoprene-
derived SOA tracers were the most abundant. Table 4 summarizes isoprene tracer concentrations 
(concentrations of 2-methyltetrols are also listed as some studies only reported these major 
tracers) of previous field studies11,14,32,36,54–65. The maximum concentration of isoprene tracers 
observed in the current study is a lot higher than previous studies (Table 4). On average, the 
isoprene SOA tracers accounted for 9.4% of the ACSM total organic aerosol mass during the 
campaign which is lower than previous observation in a urban site in southeast U.S. (isoprene 
SOA tracers comprise 12.2% - 13.6%)36 and much higher than a forested site in central Europe 
(isoprene SOA tracers comprise 6.8%)62 and a rural site in south China (isoprene SOA tracers 
comprise 1.6%)59. It should be noted that all previous studies used surrogate standards to 
quantify 2-methyltetrols and C5-alkene triols while we used synthesized 2-methyltetrols as 
reference for 2-methyltetrols and C5-alkene triols. It is possible that previous studies 
underestimate isoprene SOA levels by using surrogate standards as they have difference 
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instrument response and recovery in sample preparation; however, this hypothesis need to be 
further examined by comparing surrogate standards and authentic standards using the same 
analysis methods.  
 
 Table 4 Comparison of Isoprene SOA Tracer Concentrations (ng m-3) in Different Studies 
Location Season Reference 2-methyltetrols 
Isoprene 
Tracers* 
LKR, southeastern U.S. Summer current study 0.63-1599.5 2.7-3624.6 
Yorkville, southeastern U.S. Summer Lin et al., 2013 316.7 436.5 
WQS, south China Summer Ding et al., 2012 4.97-319 8.58-451 
 Fall-winter  2.34-58.3 4.14-85.2 
WQS, south China Fall-winter Ding et al., 2011 5.0-64.4 5.77-68.3 
Mediterranean, Europe Summer El Haddad et al., 2011 0.02-13 0.05-18.9 
Four sites, southeastern U.S. Summer Kleindienst et al., 2010 15.3-296 19.2-305 
Three citis, North America Summer Stone et al., 2009 6-68.5  
Five sites, midwestern U.S. Summer Lewandowski et al., 
2008 
2.2-304 4.1-335 
 Fall-winter N.D.-183 0.6-212 
Four sites, southeastern U.S. Summer Ding et al. 2008 0.74-784  
 Fall-winter  N.D.-99.3  
Hong Kong, China Summer Hu et al., 2008 0.74-119 1.32-954 
Forests, eastern China Summer Wang et al., 2008 4.4-49 4.8-53 
North Carolina, 
southeastern U.S. 
Summer Kleindienst et al., 2007 43.1-273 52.7-336 
Fall-winter Kleindienst et al., 2007 1.8-123 2.7-136 
Potsdam, northern U.S. Summer-winter Xia and Hopke, 2006 0.09-131  
K-Puszta, Europe Summer Ion et al., 2005 1.82-119 4.02-137 
Hyytilala Summer Kourtchev et al., 2005 15.1-33.3 24.2-64.3 
 Fall  0.46-0.49 0.46-0.49 
Amazonian rain forest Summer Claeys et al., 2004 49.2-64.7  
* Definition of isoprene tracers is different in different studies 
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Figure 14 Correlations of ACSM total organic with summed GC/MS-detected tracers (left) and 
LC/MS-detected tracers (right). 
 
4.2 IEPOX- and MAE-derived SOA 
 
Isoprene is oxidized in the atmosphere via two major pathways (Figure 1). 2-MG and its 
organosulfate derivative are considered high-NO pathway products (i.e., MAE-derived SOA 
tracers), while 2-methyltetrols, 3-MeTHF-3,4-diols, C5-alkene triols and their corresponding 
organosulfates are considered low-NO pathway products (i.e., IEPOX-derived SOA tracers). 
From recent laboratory experiments15,28, these SOA tracers are generated when MAE or IEPOX 
reactively uptake onto preexisting acidic sulfate particles. 
 
Figure 15 Correlations between isoprene-derived tracers and organosulfates. (left) C5-alkene 
triols vs. IEPOX-derived organosulfates. (middle) 2-methyltetrols vs. IEPOX-derived 
organosulfates. (right) 2-methylglyceric acid vs. MAE-derived organosulfates. 
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As proposed in Figure 1, epoxides (i.e., IEPOX and MAE) are direct intermediates of 
isoprene-derived SOA tracers detected by both GC/MS and UPLC/(–)ESI-HR-Q-TOFMS 
techniques. Formation of these tracers depends on gas-phase epoxide concentrations and their 
reactive uptake rates onto pre-existing aerosols; therefore, the concentrations of these tracers 
should correlate with each other. Supporting this hypothesis, we found good correlations of 
IEPOX-derived organosulfates with C5-alkene triols (r2=0.73) and 2-methyltetrols (r2=0.71) 
(Figure 15). Correlation of MAE-derived organosulfates with 2-MG was moderate (r2=0.56), 
possibly because both species had concentrations that were close to detection limits.  
Only a small portion of PM2.5 mass came from particles with diameters between 1-2.5 µm. 
As a result, we compared filter analysis data to collocated online aerosol mass spectrometry data 
collected by the ACSM instrument for PM1.  PMF of ACSM data resolved two factors: IEPOX-
OA and low-volatility oxygenated organic aerosol (LV-OOA). IEPOX-OA is a new factor 
resolved from previous field measurements in Yorkville, GA, which resembles laboratory-
generated IEPOX-derived SOA15,39. Summed IEPOX-derived SOA tracers have significant 
correlation with the IEPOX-OA factor (r2=0.78) resolved from the ASCSM and have very low 
correlation with the LV-OOA factor (r2=0.26). On the contrary, summed MAE-derived SOA 
tracers have little difference in correlations with either factor (r2=0.48 and r2=0.52). Figure 16 
shows the correlation analysis conducted between IEPOX- and MAE-derived SOA tracers and 
PMF results obtained from the ACSM.  From the PMF analyses (not shown here), the IEPOX-
OA factor accounted for ~50% (on average) of the total organic aerosol mass during the 2013 
SOAS field study at Look Rock. 
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Figure 16 Correlations of IEPOX-derived and MAE-derived tracers with ACSM resolved factors.  
 
4.3 Effect of Particulate Sulfate on Isoprene-Derived SOA Formation 
Both MAE- and IEPOX-derived tracers have some correlations with particulate sulfate 
(SO42-) (Figure 17). In contrast, none of these tracers have significant correlation with SO2 (R2 < 
0.1, not shown in Figure 17). This contrast suggest SOA was formed upwind of the site. This 
also explains why only very weak associations between SOA and aerosol acidity were observed 
in field studies, as aerosol acidity may change during transport and aging.  Furthermore, the 
kinetics of IEPOX and MAE uptake are likely not immediate, and thus, seeing a stronger 
correlation between these tracers and acidity might not be expected. It will be important in future 
analyses for us to carefully examine where air masses originated from to our site using back 
trajectory analyses.   
In addition to SO2 and particulate sulfate, correlations of isoprene-derived SOA tracers with 
other collocated measurements were also examined. NO and NO2 have no association with SOA 
mass (R2<0.1) while NOy only has some correlation with MAE-derived tracers (R2=0.35, Figure 
17), but more weakly with IEPOX-derived tracers (R2=0.11, Figure 17).  In addition to NO and 
NO2, NOy measures other reactive nitrogen-containing species, including peroxyacytyl nitrates 
(PAN). As MPAN (intermediate that can generate MAE) has longer lifetime than NO or NO2, it 
can be transported from upwind. 
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Figure 17 Time series of summed GC/MS-detected tracers, LC/MS-detected tracers and co-
located measurements (NOy, SO4 and Ox). 
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5. Conclusions and Future Work  
Chemical analyses of PM2.5 samples collected from Look Rock, TN, during the 2013 SOAS 
campaign by off-line chromatography coupled with mass spectrometry techniques show 
substantial contributions (9.4%) of isoprene low-NO SOA tracers to organic aerosol mass, 
revealing the importance for heterogeneous chemistry of IEPOX in this region.   
No association between gas-phase SO2, NO or NO2 and isoprene SOA tracers were observed, 
but SOA may form upwind from our site. Moderate associations between NOy and MAE-derived 
SOA tracers were observed, indicating that MPAN may be involved in MAE-derived SOA 
formation.  Particle-phase sulfate is moderately associated (R2 ≥ 0.3) with both MAE- and 
IEPOX-derived SOA tracer suggesting that sulfate plays an important role in SOA formation. 
However, this association requires further analysis, especially since we expect that this moderate 
correlation may be due to formation and transport from upwind locations. Future work will 
require a careful analysis of back trajectories in order to understand where air masses originated 
from during the campaign.  This analysis will provide major insights into how anthropogenic 
sources may have aged during transport to our site, and thus, possibly enhancing the amount of 
isoprene-derived SOA mass that we observed at the Look Rock site during the 2013 SOAS 
campaign. Furthermore, we would like to model the aerosol acidity at the site and compare to our 
isoprene-derived SOA tracer measurements presented here.  Lastly, we would like to work with 
modelers to model the domain of the 2013 SOAS field study and compare model predictions of 
our tracers with our measurements.  This type of analyses will help us to identify if there remains 
significant gaps in our knowledge of how isoprene SOA formation occurs in the atmosphere.
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